A fast, practical ambient extraction methodology followed by isocratic liquid chromatography (LC) analysis with UV detection was validated for the determination of berberine, hydrastine, and canadine in goldenseal (Hydrastis canadensis L.) root powder. The method was also validated for palmatine, a major alkaloid present in the possible bioadulterants Coptis, Oregon grape root, and barberry bark. Alkaloid standard solutions were linear over the evaluated concentration ranges. The analytical method was linear for alkaloid extraction using 0.3-2 g goldenseal root powder/100 mL extraction solvent. Precision of the method was demonstrated using 10 replicate extractions of 0.5 g goldenseal root powder, with percent relative standard deviation for all 4 alkaloids £1.6. Alkaloid recovery was determined by spiking each alkaloid into triplicate aliquots of neat goldenseal root powder. Recoveries ranged from 92.3% for palmatine to 101.9% for hydrastine. Ruggedness of the method was evaluated by performing multiple analyses of goldenseal root powder from 3 suppliers over a 2-year period. The method was also used to analyze Coptis root, Oregon grape root, barberry bark, and celandine herb, which are possible goldenseal bioadulterants. The resulting chromatographic profiles of the bioadulterants were significantly different from that of goldenseal. The method was directly transferred to LC with mass spectrometry, which was used to confirm the presence of goldenseal alkaloids tetrahydroberberastine, berberastine, canadaline, berberine, hydrastine, and canadine, as well as alkaloids from the bioadulterants, including palmatine, jatrorrhizine, and coptisine.
G oldenseal (Hydrastis canadensis L.) is a slow-growing, perennial herbaceous plant in the Ranunculaceae family. It is native to the eastern portion of North America and was used extensively by Native Americans as an herbal medication and clothing dye. Historically, goldenseal's medicinal use centered on its astringent properties and the treatment of a variety of conditions, including inflammation and infection of the eyes, skin, and mucous membranes throughout the body. It is also used for treatment of excess mucus in the respiratory system and as a tonic to increase appetite and stimulate digestion (1, 2) . Extracts of H. canadensis are known to possess antibacterial (3, 4) , antitubercular (5) , and immunostimulant (6) activities and to inhibit cytochrome P450 3A4-mediated metabolism of some substrates (7) . Potential adverse reactions from goldenseal use include digestive disorders, mucous membrane irritation, excitatory states, and hallucinations (8) . It is believed that goldenseal's bioactivity is due to the presence of the major isoquinoline alkaloids berberine, hydrastine, and canadine (5; Figure 1 ), as well as other minor alkaloid components (9) (10) (11) .
Goldenseal has become an increasingly popular dietary supplement and is often sold in conjunction with Echinacea. In 2000, goldenseal was one of the 15 top-selling herbal supplements, with sales of $39 million (12) . It is a slow-growing plant that is harvested after 3-5 years of growth. Because of its extended cultivation time and errors made during harvesting of wild-crafted roots, a number of other berberine-containing plants have been substituted for goldenseal, including goldthread (Coptis japonica), yellow root (Xanthorhiza simplicissim), Oregon grape (Mahonia aquifolium), celandine (Chelidonium majus), and barberry (Berberis vulgaris). Of the aforementioned plants, only goldenseal contains hydrastine and canadine, whereas palmatine ( Figure 1 ) is present in Coptis, Oregon grape root, and barberry bark, as well as in other berberine-containing plants (13) (14) (15) (16) (17) . Adulteration of goldenseal in the marketplace has been clearly demonstrated by Wang et al. (18) , who recently reported that several marketed goldenseal extracts did not contain hydrastine. According to the recent monograph published by the American Herbal Pharmacopeia ä (19) , goldenseal preparations should be from the roots and rhizomes of H. canadensis, which should not contain <2.0% hydrastine and 2.5% berberine, calculated on a dry weight basis. A number of analytical methods have recently been reported for the determination of berberine and hydrastine content in goldenseal root powder and/or formulations (9, 10, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Many of the reported methods were not validated, or included lengthy gradient elution liquid chromatography (LC; 9, 10, 13, 21-23, 25). Other methods used phosphate buffers or ion-pair agents in the liquid chromatographic (LC) mobile phase, which prevents direct transfer of the method to LC/mass spectrometry (MS; [18] [19] [20] [24] [25] [26] [27] [28] . Only 2 of the published methods analyzed for palmatine, which would be present if goldenseal were adulterated with Coptis or another palmatine-containing species (13, 27) ; however, these methods were not validated.
This report describes the development and validation of a fast, practical analysis for the determination of 3 alkaloids present in goldenseal root powder. The method consists of a 20 min, ambient, ultrasonic extraction of the root powder, followed by LC analysis with UV detection. Berberine, hydrastine, and canadine, as well as palmatine (present in Coptis, Oregon grape root, and barberry bark) are determined isocratically in 20 min. The method provides excellent precision for the routine determination of alkaloid content in goldenseal root powder, as well as the flexibility of direct transfer to LC/MS for further identification.
Because bioauthentication of the goldenseal root raw material is required prior to the manufacture of any goldensealcontaining product, the method was also used to analyze the following common adulterants: Coptis (Coptis sp.) root, Oregon grape (M. aquifolium) root, celandine (C. majus) herb, and barberry (B. vulgaris) bark. When these bioadulterants were analyzed by the validated method, the resulting chromatographic profiles differed significantly from that of goldenseal. In addition, the method was directly transferred to LC/MS, which confirmed the presence of goldenseal alkaloids tetrahydroberberastine, berberastine, canadaline, berberine, hydrastine, and canadine, as well as alkaloids from the bioadulterants, including palmatine, jatrorrhizine, and coptisine. This work indicated that the method can be used not only to determine goldenseal alkaloid content, but also as a screen for berberine-containing bioadulterants. Table 1 . Extract as previously described and further dilute with diluent as outlined in Table 1 . (e) Spiking of root powder.-Weigh 0.5 g goldenseal root powder into 3 individual 200 mL centrifuge bottles. Add 13 mg berberine chloride dihydrate and 11 mg hydrastine hydrochloride directly to each bottle. Add aliquots of prepared spiking solutions to each bottle in order to add 0.75 mg palmatine and 0.5 mg canadine. Mix each aliquot of spiked root powder and air-dry overnight at ambient conditions. Extract as previously described and dilute 5 mL of each extract to 25 mL with diluent before LC analysis.
METHOD

Samples
(f) Ruggedness.-Ruggedness of the validated method was evaluated by analyzing goldenseal root powder from 3 suppliers. The analyses were performed by different analysts, with ca 1 year between analyses. Weigh triplicate 0.5 g aliquots of each lot of root powder into individual 200 mL centrifuge bottles. Extract as previously described and dilute 5 mL of each extract to 25 mL with diluent before LC analysis.
(g) Analysis of bioadulterants.-Weigh triplicate 0.5 g aliquots of each powdered sample into individual 200 mL centrifuge bottles. Extract as previously described and dilute 5 mL of each extract to 25 mL with diluent before LC analysis.
Results and Discussion
Method Development
The goal of the LC method development work was to find a fast, isocratic method that separated palmatine, berberine, hydrastine, and canadine, and could also be used for LC/MS analyses. During development of the LC analysis, several column types, column dimensions, and mobile phases were investigated. Buffer strengths, additives (e.g., TEA), and buffer pH ranges were also investigated to improve resolution and peak shape of the 4 alkaloids.
The extraction of berberine and hydrastine from goldenseal root powder was optimized by using an approach reported by Anderson and Burney (28) . A number of extraction solvents consisting of various ratios of methanol-water, methanol-water-acid, acetonitrile-water, and acetonitrile-water-acid were investigated. For screening purposes, extraction efficiency was evaluated by weighing triplicate 0.5 g aliquots of goldenseal root powder into individual 200 mL centrifuge bottles. The root powder was extracted with 100 mL aliquots of extraction solvent. A 50 mL aliquot of extraction solvent was removed from each bottle, with 10 mL reserved for LC analysis. An additional 50 mL extraction solvent was added to each bottle, the samples were re-extracted, and a second 10 mL aliquot was removed for LC analysis. The extracts were analyzed by LC, and the weight percentages of berberine and hydrastine were determined, correcting for the 50% dilution of the re-extracted samples. The extraction efficiency of each solvent system was evaluated by comparing the weight percentages of berberine and hydrastine obtained from the first and second extractions for each aliquot of root powder. Acetonitrile-water-phosphoric acid (70 + 30 + 0.1, v/v/v) gave the highest recoveries of berberine and hydrastine from goldenseal root powder as well as extraction efficiencies ³99%.
Method Validation
A mixed standard solution, which contained palmatine, berberine, hydrastine, and canadine, was used to evaluate the analytical system for precision, theoretical plates, peak tailing, and resolution according to current USP guidelines (29) Overall results (n = 3) 92.3 ± 5.5 101.5 ± 0.2 <2.0%, tailing was <1.5, resolution was >2.3, and theoretical plates were >10 000 ( Table 2 ; see Figure 1 for a representative chromatogram). Results of the standard curve analyses indicated a linear response over the evaluated concentration range of the 4 alkaloids ( Table 3) . Limits of detection and quantitation were based on the standard deviation of the lowest standard prepared in triplicate. The analytical method also proved to be linear for alkaloid extraction using 0.3-2 g goldenseal root powder with 100 mL extraction solvent (Table 1) . Goldenseal root powder from supplier B was used for method validation. Precision of the method was further evaluated by using the average results of 10 replicate extractions of 0.5 g goldenseal root powder. For all 4 alkaloids, the percent relative standard deviation for the 10 replicates was £1.6. The average (n = 10) weight percent was determined for the 4 alkaloids: palmatine, 0.183 ± 0.002; berberine, 3.06 ± 0.05; hydrastine, 2.04 ± 0.01; and canadine, 0.081 ± 0.001. The average total weight percent of alkaloids present in goldenseal root powder was 5.36 ± 0.05 (Table 4) .
Recovery of palmatine, berberine, hydrastine, and canadine was determined by spiking each alkaloid into triplicate aliquots of neat goldenseal root powder followed by extraction and LC analysis. Each alkaloid was spiked at a concentration equivalent to that in the native goldenseal root powder from supplier B (see above for results). The recoveries (n = 3) were 92.3 ± 5.5% for palmatine, 101.5 ± 0.2% for berberine, 101.9 ± 0.2% for hydrastine, and 101.6 ± 7.5% for canadine (Tables 5 and 6 ).
Ruggedness of the method was evaluated by analyzing goldenseal root powder from 3 suppliers. Two analysts analyzed each lot of material in triplicate; the second analysis was conducted approximately 1 year after the first analysis. The results indicated that the method was suitable for day-to-day determination of alkaloid content in goldenseal root powder ( Table 7 ). The material from supplier B was the only analyzed lot of goldenseal root powder found to contain palmatine.
The method was also used to analyze Coptis root powder, Oregon grape (M. aquifolium) root powder, celandine (C. majus) herb, and barberry (B. vulgaris) bark powder, 4 common goldenseal bioadulterants. The chromatographic profiles (Figure 2 ) of these herbs differ significantly from that of goldenseal.
To ensure the method's fitness for use, it was directly transferred to LC/MS. The flow from the UV detector was split in order to direct 0.2 mL/min to the mass spectrometer. Aside from this parameter, the method was transferred without alteration. The UV and total ion chromatograms from the LC/MS analysis are shown in Figure 3 . LC/MS analysis of goldenseal root powder and the 4 bioadulterants led to the identification of goldenseal alkaloids tetrahydroberberastine, berberastine, canadaline, berberine, hydrastine, and canadine. The following alkaloids present in extracts of the 4 bioadulterants were also identified: magnoflorine, chelidonine, homochelidonine, jatrorrhizine, coptisine, palmatine, protopine, sanguinarine, Overall results (n = 3) 101.9 ± 0.2 101.6 ± 7.5 chelerythrine, and stylopine. LC/MS analyses of goldenseal root powder from suppliers A and C confirmed the presence of hydrastinine, berberastine, tetrahydroberberastine, canadaline, berberine, hydrastine, and canadine. Palmatine was not present in material from suppliers A and C. LC/MS analyses of goldenseal root powder from supplier B confirmed the presence of hydrastinine, berberastine, tetrahydroberberastine, jatrorrhizine, coptisine, canadaline, palmatine, berberine, hydrastine, and canadine, thus determining that the material was not pure goldenseal.
Conclusions
A rapid ambient extraction and isocratic LC method was validated for the determination of alkaloids (berberine, hydrastine, and canadine) in goldenseal root powder. The method was also validated for the determination of palmatine, an alkaloid native to Coptis, Oregon grape root, and barberry bark, common bioadulterants of goldenseal products. The validated method, which provided excellent reproducibility, was used for the routine analysis of goldenseal root powder and for analysis of 4 common goldenseal bioadulerants (Coptis, Oregon grape root, barberry bark, and celandine herb), which have significantly different chromatographic profiles than goldenseal. The method was transferred directly to LC/MS for further characterization analyses. The presented method is sufficient for determination of the predominant alkaloids in goldenseal and can also be used to determine the presence of common goldenseal bioadulterants. 
